Current orthotopic xenograft models of human colorectal cancer (CRC) require surgery and do not robustly form metastases in the liver, the most common site clinically. CCR9 traffics lymphocytes to intestine and colorectum. We engineered use of the chemokine receptor CCR9 in CRC cell lines and patientderived cells to create primary gastrointestinal (GI) tumors in immunodeficient mice by tail-vein injection rather than surgery. The tumors metastasize inducibly and robustly to the liver. Metastases have higher DKK4 and NOTCH signaling levels and are more chemoresistant than paired subcutaneous xenografts. Using this approach, we generated 17 chemokinetargeted mouse models (CTMMs) that recapitulate the majority of common human somatic CRC mutations. We also show that primary tumors can be modeled in immunocompetent mice by microinjecting CCR9-expressing cancer cell lines into early-stage mouse blastocysts, which induces central immune tolerance. We expect that CTMMs will facilitate investigation of the biology of CRC metastasis and drug screening.
l e t t e r s
Current orthotopic xenograft models of human colorectal cancer (CRC) require surgery and do not robustly form metastases in the liver, the most common site clinically. CCR9 traffics lymphocytes to intestine and colorectum. We engineered use of the chemokine receptor CCR9 in CRC cell lines and patientderived cells to create primary gastrointestinal (GI) tumors in immunodeficient mice by tail-vein injection rather than surgery. The tumors metastasize inducibly and robustly to the liver. Metastases have higher DKK4 and NOTCH signaling levels and are more chemoresistant than paired subcutaneous xenografts. Using this approach, we generated 17 chemokinetargeted mouse models (CTMMs) that recapitulate the majority of common human somatic CRC mutations. We also show that primary tumors can be modeled in immunocompetent mice by microinjecting CCR9-expressing cancer cell lines into early-stage mouse blastocysts, which induces central immune tolerance. We expect that CTMMs will facilitate investigation of the biology of CRC metastasis and drug screening.
Human subcutaneous and orthotopic xenografts in mice have provided many insights into CRC pathogenesis [1] [2] [3] , but the requirement for immunodeficient mice to avoid rejection has limited studies of adaptive immunity in CRC progression 2 . Neither xenograft nor genetically engineered mouse models robustly recapitulate the process of human CRC cell metastasis from the gastrointestinal (GI) tract to the liver, and there is a need for less chemosensitive models to reduce the number of futile CRC clinical trials.
Chemokines are secreted ligands that regulate cell trafficking between different organs 4 . Small intestine and colon epithelia produce chemokine 25 (CCL25), which binds to chemokine receptor 9 (CCR9)-expressing cells 5, 6 . We engineered CRC cells to express CCR9, which enabled generation of two kinds of human CRC mouse models-an immunodeficient model produced by tail-vein injection and an immunocompetent model created by blastocyst injection. We used tail-vein injection to create a molecularly diverse resource of 17 immunodeficient CTMMs from CRC cell lines and patientderived xenograft (PDX) tissue lines engineered to express CCR9, which collectively carry the majority of recurrent somatic CRC mutations, and all major CRC subtypes as defined by histopathology and molecular mechanism. We also generated three immunocompetent CRC mouse models by microinjecting three human CRC cell lines expressing CCR9 (ref. 7) into wild-type (WT) mouse early blastocysts to form human-mouse chimeras. As our appreciation of the immune system's role in the tumor microenvironment grows, recognition of the importance of using immunocompetent models increases. These humanized chimeric mice develop CRC tumors that originated from the blastocyst-injected, human PDX CRC cells in the GI tract. To our knowledge, no previous study has demonstrated mouse models of human cancer by means of blastocyst injection.
Using tail-vein injection, we show sequential metastasis of primary human CRC tumors to the liver that recapitulates the portal-vein route occurring in patients. Hepatic metastases have elevated DKK4 levels and upregulated Notch signaling (which have previously been associated with CRC chemoresistance) 8, 9 and are much less sensitive to commonly used anti-CRC therapies than paired subcutaneous xenografts generated from the same cells.
CCR9 is upregulated in primary tumors from early-stage CRC patients, but downregulated in late-stage CRCs 7 . Using mouse tail-vein injection, researchers found that early-stage CRC cells that endogenously express CCR9 spontaneously form primary CRCs in the colorectum and intestine, attracted by CCL25 (ref. 7) . Blocking CCL25-CCR9 interaction by short-hairpin RNA or antibodies against CCL25 promotes metastasis and formation of extra-intestinal tumors.
Comprehensive models of human primary and metastatic colorectal tumors in immunodeficient and immunocompetent mice by chemokine targeting l e t t e r s
We established the CTMM system to study primary human CRC mechanisms of progression and chemoprevention in the native GI microenvironment. We generated a panel of 16 doxycycline-inducible human CCR9 + cell and PDX lines (Supplementary Figs. 1a-c, 2-4 ) to model human CRC tumors carrying the majority of common recurrent somatic mutations occurring in patients (Supplementary Table 1 ). This resource includes examples from all the major histopathological and molecularly defined CRC subtypes, such as DNA mismatch repair proficient and deficient, CpG island methylator phenotype, adenocarcinoma and mucinous subtypes (Supplementary Table 1) .
For each CCR9 + CRC cell and PDX line in the panel, in vitro Boyden chamber assays confirmed that chemotaxis toward the recombinant mouse CCR9 ligand Ccl25 increased with CCR9 expression (Supplementary Fig. 1c) . Each model also co-expressed constitutive luciferase and RFP reporters (Supplementary Fig. 1a) . When immunodeficient mice were injected in the tail vein with CRC cells (Fig. 1a and Supplementary Fig. 3 ), within 3 weeks each CTMM formed a mean of 1.88 ± 0.57 colorectal tumors per affected mouse host, (whereas the CCR9 − parental lines rarely, if at all, formed colorectal tumors (mean 0-0.15)) (Fig. 1b,c and Supplementary Table 2) .
Previously, Ccl25 has been detected in mouse embryos at the 1-through 8-cell and blastocyst stages 10, 11 , embryonic day 9.5 (e9.5)-e13.5 brain 10,11 , e12.5 thymus 12 and e14.5 intestine 6 . Using mouse embryonic stem cell microinjection techniques 13, 14 , we sorted by fluorescence-activated cell sorting (FACS) three CCR9 + CRC cell lines (PDX-3, DLD1-CCR9 and Ls174t-CCR9) and injected 10-15 cells into wild-type Swiss-Webster or C57B/L6 mouse e3.5 blastocysts to generate human CRC-mouse chimeras (Fig. 2) .
Approximately 80%, 60% and 83% of e9.5 to e14.5 embryos derived from PDX-3, DLD1-CCR9 + and Ls174t-CCR9 + , respectively, cellinjected blastocysts carried RFP + human CRC cells. Approximately 10% of e14.5 embryos had RFP + cells and were visibly deformed.
In human CRC-mouse embryo chimeras, RFP + cells were seen in multiple locations, usually in e10.5-e14.5 midgut (Fig. 2e and  Supplementary Fig. 5a ). Co-immunofluorescence of Ccl25/RFP showed RFP + cells in close proximity, and adjacent to, Ccl25 + e14.5 intestinal epithelial cells (Supplementary Fig. 5b) . Consistent with Ccl25 expression by e14.5 thymus 12 , we observed human RFP + cells comingling with Thy1 + thymus epithelia (Supplementary Fig. 5b ).
For each CCR9 + CRC cell blastocyst microinjection of pseudo-pregnant mouse foster mothers, we obtained 24-40 live mouse pups per 80 injections and implantation. At post-natal day 21, mice derived from CCR9 + CRC cell-injected blastocysts were positive for luciferase activity by in vitro imaging system (IVIS) analysis. Luciferase activity localizes to intestine/colon (13.5% PDX-3, 8.1% DLD1-CCR9 and 5.6% Ls174t-CCr9) (Fig. 2b,d and Supplementary Fig. 6a,b) . No IVIS + tumors were observed in 112 pups born from blastocysts injected with CCR9 − FACS-sorted PDX-3, DLD1 and Ls174t cells (Fig. 2d) .
After 6 months, locally invasive tumors penetrating the bowel wall were detected (Fig. 2a) . Human-centromeric-repeat PCR confirmed tumors consisted of human and not mouse cells ( Supplementary  Fig. 6c ). Immuno-and histopathological analysis confirmed that intestine/colon tumors were also RFP + and CCR9 + , consistent with the growth of microinjected human luciferase/RFP-labeled CRC cells in the WT immunocompetent host GI microenvironment (Fig. 2c) .
No human IVIS signal or CRC cells were detected in any other organ, such as lung, liver, spleen, kidney or skeletal muscle ( Fig. 2b and Supplementary Fig. 6a,b) . Dual-immunofluorescence with anti-RFP and anti-mouse CD3 antibodies (Fig. 2c) confirmed that mouse hosts carrying human primary CRC tumors have mouse T cells, as well as mouse CD20 + B cells infiltrating human CRCs.
To test immune tolerance, we subcutaneously inoculated 3-month-old DLD1-CCR9 and PDX-1 − C57B/L6-J2 chimeras with their matched blastocyst-injected cell lines, along with NSG (NOD/ Shi-scid/IL-2Rγ null ) controls. At day 15, NSG mice showed robust luciferase activity at injection sites, whereas WT C57B/L6-J2 mice had no luciferase activity (Supplementary Fig. 7a ). Overall, 6/7 and 7/8 of CCR9 + DLD1 and PDX-3 − C57B/L6-J2 chimeras challenged with subcutaneous DLD1 or PDX-3 cells showed luciferase activity at the injection site (Supplementary Fig. 7b ).
To confirm that mice are immunocompetent, we analyzed spleen and mesenteric lymph nodes (MLNs) from PDX-3 + mice and control blastocyst-non-injected littermates. T and B cells were clearly present, and the relative proportions of spleen and MLN CD3 + (T cells), CD4 + Fig. 8a-c) .
Analysis of CD4 + T helper cells revealed equivalent populations of CD62L hi CD44 lo (naive cells), CD62L lo CD44 hi (activated memory T cells), RORγt + (Th17) and Foxp3 + (Treg) cells. We tested whether human-mouse chimera orthotopic CRC tumors could be used for chemotherapy drug testing. We treated mice with 5-fluorouracil/oxaliplatin (5-FU/oxaliplatin) or mock therapy. 5FU/oxaliplatin inhibited the growth of orthotopic human CRC tumors ( Supplementary Fig. 7c,d) .
We used doxycycline treatment of NSG CTMMs to maintain CRC cell CCR9 expression after tail-vein injection. However, seven CTMMs (CCR9-PDX1, HT15, HCA7, SW48, Colo205, DLD1 and LS174T) formed liver tumors (mean 3.1-8.2 liver tumors/mouse by 8 weeks). Liver tumors were observed only in mice that previously developed primary CRCs (Supplementary Fig. 9 ). CCR9 protein expression was not detectable in CTMM liver tumors by immunofluorescence (data not shown). These findings are consistent with a model whereby CTMM promotes cells from primary CRC tumors to lose CCR9 expression, and metastasize to the liver through the portal circulation.
Therefore, we injected mice through the tail vein to generate primary CRC CTMMs. After primary GI tumor formation, we withdrew doxycycline to downregulate CCR9 ( Fig. 3a-c) . Liver tumor multiplicity was higher when CCR9 levels were suppressed ( Fig. 3d and Supplementary Fig. 10a ). IVIS imaging revealed luciferasedetectable primary CRCs (mean 1.8 weeks post-inoculation) at multiple stages of local invasion (Fig. 3c ) preceding liver tumors (mean 5.8 weeks post-inoculation). Liver tumors were rarely detected in non-CTMMs, in which tail-vein-injected CRC cells usually formed lung tumors (Fig. 3e) . FACS analysis of mouse liver cells 48 h after tail-vein injection showed that RFP + cells were essentially undetectable ( Supplementary Fig. 10b ), arguing against an alternative model in which CCR9 suppression stimulated expansion of previously resident human CRC cells in liver.
To confirm that CTMM primary CRC tumor cells could enter the portal circulation, we injected mice with FITC-Dextran to label vasculature and used multiphoton microscopy to image the primary and liver metastatic tumors. RFP + CTMM cells co-localize with and travel through host blood vessels, consistent with vascular intravasation ( Supplementary Fig. 11 ).
Our data show that CTMM primary CRC tumors are capable of sequentially modeling the progression of primary human CRC to liver metastases through the portal circulation and that these tumors can spread to lung ( Fig. 3b and data not shown) .
We compared the sensitivity of Colo205, DLD-1 and Ls174t CTMM and subcutaneous xenografts to oxaliplatin and 5-FU/oxaliplatin. We simultaneously injected mice with the same cells subcutaneously or through the tail vein to generate (i) subcutaneous tumors or (ii) primary CRCs and sequential liver metastases. IVIS showed that l e t t e r s oxaliplatin and 5FU/oxaliplatin significantly inhibited the growth of subcutaneous tumors (Fig. 4a,b and Supplementary Fig. 12 ; oxaliplatin and 5FU/oxaliplatin Padj = 0.00017 and 6.47 × 10 −9 , respectively). Oxaliplatin and 5FU/oxaliplatin similarly inhibited primary orthotopic CRC growth (Padj = 0.0078 and 0.00014, respectively). There was no significant difference in chemoresistance between GI and subcutaneous tumors for either treatment. For CRC hepatic metastases generated from the same cells, no growth inhibition was observed (Fig. 4a,b and Supplementary Fig. 12 ). Chemoresistance was significantly greater for liver metastases than for subcutaneous (Padj = 9.84 × 10 −7 and 9.94 × 10 −7 , respectively) or primary GI (Padj = 3.26 × 10 −5 and 0.000284) tumors.
RNA-seq profiling of liver and subcutaneous tumors generated from DLD-1 cells revealed that colorectal cancer metastasis signaling was upregulated (P = 0.049). DKK4 was highly upregulated (76-fold; P = 0.00001) in CRC liver metastases (Fig. 4c,d ). High DKK4 is associated with clinical CRC chemoresistance 8 . Notch pathway signaling is associated with CRC chemoresistance and was also significantly upregulated in CRC liver metastases (P = 0.012) 9 .
We generated a resource of human primary CRC CTMMs that collectively carry the major recurrent somatic alterations occurring in CRC patients. This resource is targeted to the GI tract by CCR9 expression and can be used for studying metastasis mechanisms and chemoresistance. (refs. 15,16 ), we developed a system to model human CRC growth and local invasion in immunocompetent mice. Ccl25 expression has previously been detected in mouse blastocysts 17, 18 as well as in embryonic thymus 12 , where it regulates self-tolerance. CCR9 + human CRC cells injected into mouse blastocysts persist, proliferate and migrate to multiple locations in developing embryos, primarily thymus and intestine. After the mice are born, CCR9 + human CRC cells can be detected in their intestine and colon and develop into tumors. When chimeras are challenged after birth subcutaneously with the same human CRC cells that they were exposed to during embryogenesis, human cells persist for more than 2 weeks, whereas they are not detectable in control wild-type mice, demonstrating the systemic immune tolerance to the human tumor cells whereas blastocyst injection with CCR9 − CRC cells does not result in detectable human cells postnatally.
Current hepatic metastasis models using human CRC cells are time-and labor-intensive. Direct injection of human CRC cells into the heart left ventricle, kidney capsule or spleen are potentially confounded by anatomical routes to the liver that do not recapitulate the microenvironment favorable for transit from the gut through the portal circulation and lymphatics that occur in almost all advancedstage CRC patients 19 . These approaches introduce potential experimental confounders such as needle exit wound tracts, iatrogenic local inflammation and systemic stress. Hepatic vein, lymphatic and tributary flow to the liver is unique in that it receives both oxygenated and deoxygenated blood and consequently has lower PO 2 (partial pressure O 2 ) and hemodynamic perfusion pressure than other organs 17, 18, 20 . It is likely that the portal circulation preconditions CRC liver metastases.
Our data demonstrate that in vivo CRC liver metastases are significantly less chemosensitive than paired subcutaneous xenografts generated from the same cells. Both Notch signaling and WNT pathway inhibitor DKK4 upregulation have been previously associated with CRC chemoresistance 8, 9 and both are significantly upregulated in CTMM CRC liver metastases. Other studies have suggested that in vitro cultured human CRC primary tumors are more chemosensitive to 5-FU than paired hepatic metastases 21 . However, this finding has never been validated in mice. Here, we confirmed that the same CRC cells in liver are indeed more chemoresistant than primary CRC tumors to oxaliplatin in mouse models.
In summary, we anticipate that the CTMM resources described here will help improve our mechanistic understanding of primary CRC-microenvironment interactions, liver metastasis preconditioning by transit through the portal circulation and potentially improve the clinical relevance of preclinical, anti-CRC drug screening. The immune competent version of the models will most likely be particularly useful for studying mechanisms involving adaptive immunity and immunotherapies.
MeTHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. SRA: SRX447480 (CRC cell whole exome data) and SRX499216 (RNA-seq data). Sequence data were deposited with NCBI SRP035634.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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We thank other members of the Lipkin laboratory and Shen Laboratory for helpful discussions. We also thank the Cornell BRC imaging and Stem Cell and Transgenic Core Facilities. This work was supported by the National Science Tissue culture of PDX lines. Patient-derived xenograft tumors were harvested and generated as previously described 3, 7 . Briefly, fresh patient CRC samples were collected in Medium 199 supplemented with 200 U/ml penicillin and 200 mg/ml streptomycin, immediately after patient operative resection. Fat and blood clots were removed from tissues and they were rinsed ten times in sterile PBS. Samples were minced with sterile scalpel blades into approximately 5 mm 3 fragments. Tumor fragments were immersed into RNAlater and embedded in O.C.T. (Fisher Scientific) at −80 °C for histopathological or molecular analysis. Remaining tissue fragments were coated in Matrigel (BD Biosciences) and subcutaneously implanted into three or four 6-weekold NOD/Shi-scid/IL-2Rγ null (NSG) mice (Jackson Laboratory, Bar Harbor, Maine). After PDX tumors reached an average volume of 400 mm 3 , mice were euthanized and tumor tissue harvested. Part of tissue was passaged in new mice and the remainder was used to generate PDX cell lines using the method of collagenase/dispase enzyme digestion with slight modification, as previously described 7, 22 . Basically, tissue was minced into approximately 1 mm 2 fragments and digested in DMEM/F12 containing collagenase type XI (150 U/ml, Sigma, St. Louis, MO), dispase neutral protease (40 µg/ml, Roche Applied Science) and 1% FBS, stirring at 37 °C for 30 min. After centrifugation, cells were resuspended in the DMEM/F12 containing 1% nonessential amino acids (Invitrogen), penicillin (400 U/ml; Sigma), streptomycin (400 mg/ml; Sigma), amphotericin B (1.25 mg/ml; Sigma) and heparin (4 µg/ml; Sigma), human epidermal growth factor (40 ng/ml; BD scientific), human basic fibroblast growth factor (20 ng/ml; BD scientific), B27 supplement (Invitrogen) and 5% fetal bovine serum, then transferred and cultured in the ultra-low-attachment flasks (Corning) at 37 °C and 5% CO2. FACS of human ESA (epithelial specific antigen) was used to purify cancer cells and PDX cells were characterized to be able to form subcutaneous xenografts with similar adenocarcinoma histomorphology to parental PDX, when injected 0.5 million-1 million cells/ mouse in NSG mice. PDX lines were frozen in DMSO. PDX freshly thawed cells, negative for mycoplasma, were used within ten passages for the all experiments in this study.
CCR9 inducible expression in CRC cells and PDX cells.
The lentiviral tetracycline-inducible protein expression system (The SureTiter Lentiviral system, GenTarget, Inc) consists of two vectors: the regulatory vector which encodes the Tet repressor (TetR) under the control of the human CMV promoter; and an inducible expression vector expressing human CCR9 (CDS region (181 -1290) of gene ID: NM_031200.) or mouse Ccr9 (CDS region (296-1405) of gene ID: NM_009913) genes 23 under the control of inducible pH1 promoter and two tetracycline operator 2 (TetO2) sites. To generate the lentiviral particles, the above plasmids were transfected into HEK293T cells with the Genecopoeia lentivirus packaging mix (Genecopoeia) according to the manufacturer's protocol. Cells were infected with the CCR9-inducible expression lentivirus and followed with blasticidin selection and RFP FACS purification. TetR expression lentivirus in high-titer was then used to infect the inducible CCR9 lines. The CCR9 expression can be induced by1-1.5 µg/ml (in vitro) or 1-2 mg/ml (in vivo) doxycycline (Sigma, St Louis, MO) administered in 5% sucrose-containing drinking water. The efficiency of CCR9-inducible expression in these variant colorectal lines was verified by western blotting using anti-human CCR9 antibody (Abcam cat. no. ab38564) or anti-mouse Ccr9 antibody (Thermo Scientific. PA1-21618) and the software of Quantity One (Bio-Rad) was used to semi-quantify protein levels. All non-PDX cell lines used in this study were purchased from ATCC and were negative for mycoplasma.
PDX xenograft tumor formation and drug treatment. 0.5-1 × 10 6 CRC cells with inducible CCR9 expression or control vectors were injected into 6-to 8-week-old NOD/Shi-scid/IL-2Rγ null (NSG) mice (Jackson Laboratory, Bar Harbor, Maine) by tail vein injection. Tumor incidence was monitored 2-3 times weekly by whole body IVIS imaging. When mice became moribund, they were euthanized immediately, necropsy performed and tumors harvested using a dissecting microscope. For oxaliplatin therapy study, 1 × 10 6 CCR9 + CRC cells were tail-vein injected or subcutaneously inoculated into the left flank of 6-week-old NSG mice (n = 8) and IVIS imaging was performed to monitor tumor formation. When GI or subcutaneous tumors reached radiance of 5 × 10 6 (p/sec/cm 2 /sr), doxycycline was withdrawn to turn off CCR9 expression and oxaliplatin (6 mg/kg, Sigma, St Louis, MO)/5-FU (100 mg/kg, Sigma, St. Louis, MO) or normal saline as control was given through intraperitoneal (IP) injection once a week for 5 weeks. The treatment regimens include: 1. Oxaliplatin alone group: 6mg/kg oxaliplatin was injected through IP in NSG mice (n = 8) once weekly for 5 weeks; 2. The 5-FU + oxaliplatin combination group: 100 mg/kg 5-FU was injected through IP once in week 1 and once in week 3, and 6 mg/kg oxaliplatin was injected into NSG mice (n = 8) through IP once in week 2, week 4 and week 5 respectively 24 . Tumor growth was quantified by luciferase-photon signal analysis with Xenogen software until mice became moribund. Ex vivo IVIS imaging and necropsy were performed to further verify sizes and locations of tumor loci.
Luciferase imaging in whole animal or ex vivo tissues. For luciferase imaging, d-luciferin (The In vivo Imaging Community) of 1.5 mg/10 g body weight was injected intra-peritoneally into mice and 10 min later, luciferase imaging (Xenogen IVIS-200) was applied on whole-mouse bodies. For ex vivo imaging, mice were dissected 10 min after luciferin injection. Intestine and other organs were quickly rinsed three times in PBS and place in culture dishes in which luciferase imaging was applied immediately.
Immunohistochemistry. For mouse experiments, histology and immunohistochemistry were performed on paraffin-embedded or frozen sections from xenograft tumors as previously described 3 . Intestinal, extra-GI tumor and corresponding normal tissues were snap frozen in O.C.T. (Fisher Scientific, Pittsburgh, PA) and fixed in 10% buffered formalin followed by paraffin embedding. For immunofluorescence, sections were immunostained with antibodies, counterstained with 4,6-diamidino-2-phenylindole (DAPI). H+E adjacent sections were used for comparison.
Generation of human CRC-mouse chimeras. The methods of blastocyst microinjection and generation of chimeric mice were modified from standard procedures 25 . Briefly, e3.5 of Swiss Webster (CFW) or C57B/L6 blastocysts (derived from natural mating. Charles River Strain code 024) were placed in 30 ml FHM (Millipore Cat#MR-122-D) and 10-15 CCR9 + CRC cells were injected per blastocyst by transfertip (ES) (Eppendorf cat. no.: 930001040) and vacutip (Eppendorf cat. no.: 930001015) using Eppendorf TransMan NK micromanipulators with an inverted microscope (Nikon Diaphot). The injected blastocysts were uterine-transferred into day 2.5 pseudopregnant CD-1 recipient females (Charles River Strain Code 022) at the same day (12-15 blastocysts/female). Pups were born at day 19-21 and fostered with lactating CD-1 mice. Live IVIS imaging was performed on the chimerical mice twice every week to detect the proliferation of luciferase + cells. Then ex vivo IVIS and histopathology were used to confirm the tumor formation and locations.
Chimeric embryos from euthanized female mice at e9-e14.5 were isolated and placed on glass slides after being washed twice in PBS. Fluorescence imaging was immediately performed on the embryos to detect RFP (human CRC cells) signals. The embryos were then snap frozen in O.C.T. and fixed in 4% buffered paraformaldehyde. For immunofluorescence, sections were immunostained with antibodies against RFP (Life Technologies, cat. no. R10367), mouse ccl25 (R&D systems, Cat# AF481-NA) and mouse Thy-1 (Abcam, cat. no. ab3105) and counterstained with DAPI for nuclei. H+E adjacent sections were used for comparison.
Immune cell analyses in human PDX-mouse chimeras. 4-week-old Swiss Webster mice from blastocysts injected with CCR9 + PDX-1 cells and the littermates from non-injected blastocysts as control for normal immune functions were euthanized and the spleens and four mesenteric lymph nodes (MLN)/mouse were collected in cold PBS under dissecting microscope. Then MLN and spleen were immediately mechanically disrupted and passed npg through a 70 µm cell strainer. Splenocytes and lymphocytes were collected and incubated in ACK lysis buffer (Life Technologies) to remove red blood cells. Surface staining was performed with anti-CD3e (ebiosciences, clone:145-2C11), CD4 (ebiosciences, clone:RM4-5), CD8 (ebiosciences, clone:53.67), CD44 (ebiosciences, clone:IM7) and CD62L (ebiosciences, clone:MEL-14). Intranuclear staining with anti-RORγt (ebiosciences, clone:B2D) and antiFoxp3 (ebiosciences, clone:fjk-16s) was done according to manufacturer's protocol (Intracellular Fixation and Permeabilization Kit from eBioscienes). Prior to intracellular cytokine staining, cells were cultured in the presence of GolgiPlug (BD Biosciences) for 4 h or stimulated with phorbolmyristate acetate (PMA; 20 ng/ml) and ionomycin (1 µg/ml) or IL-23 (40 ng/ml; eBioscience) in the presence of GolgiPlug (BD Biosciences) for 4 h before staining. Intracellular cytokine staining was performed according to the manufacturer's protocol (Cytofix/Cytoperm buffer set from BD Biosciences) using IFN-γPECy7 (ebiosciences, clone: XMG1.2) and IL17A FITC (ebiosciences, clone: eBio17B7). An LSR II (BD Biosciences) and FlowJo software (Tree Star) were used for flow cytometry and analysis. Dead cells were excluded using the Live/Dead fixable aqua dead cell stain kit (Invitrogen).
Two-photon microscopy. Three-to six-month-old CTMM NSG mice were kept under isoflurane anesthesia and a portion of the large intestine was externalized to be placed in a saline-filled, temperature-controlled chamber. The portion to image was covered with a glass coverslip and agarose for stability and imaged with a custom-built multi-photon microscope optimized for in vivo imaging. 50 mg/ml FITC-Dextran (FD2000S; Sigma-Aldrich, St. Louis, MO) was retro-orbitally injected in mice (0.25 ml/kg) and this dose allowed vasculature imaging for 1-2 h. Simultaneous excitation with 900 nm and 1,040 nm femtosecond laser light enabled imaging of GFP (FITC-Dextran) and RFP (human CRC cells) at the same time.
Whole-exome sequencing. DNA was extracted from four PDX lines (PDX 1-4) and common CRC lines (HT-15 and Caco-2) using DNeasy DNA extraction kit (Qiagen). Whole-Exome sequence data for the six cell lines were obtained through Agilent's G9906A HaloPlexExome Target Enrichment System kits (protocol Version A, February 2013) on the Illumina HiSeq2000. Briefly, genome DNA samples were first digested by restriction enzymes to create a library of gDNA restriction fragments. Then the HaloPlexexome probe was provided as eight separate probe solutions in wells A-H of the HaloPlex Probe 8-well Strip. The circularized target DNA-HaloPlex probe hybrids, containing biotin, were captured on streptavidin beads and then DNA ligase was added to the capture reaction to close nicks in the circularized HaloPlex probe-target DNA hybrids. After a 10-min ligation reaction period, the captured DNA libraries were diluted and PCR amplified with the PCR Master Mix. After the enrichment was validated, the samples were pooled with different indexes, and sequenced with Illumina HiSeq2500. ~60 M 101-bp pair-end reads for each sample were obtained from HiSeq2500. The mean quality score for all samples was ~35, and more than 90% reads had base quality >30. All the raw reads were first processed with Cutadapt 26 to remove adaptor sequences from high-throughput sequencing reads. The processed sequence data were mapped to human genome (hg19) with program BWA 27 . The mapping were re-aligned and recalibrated with GATK 28 . Variants and mutations were detected with the module Unified Genotyper in GATK.
RNA sequencing and quantitative real-time PCR. Total RNAs from liver tumor or subcutaneous tumor cells were extracted by using the RNeasy Kit (Qiagen, Valencia CA). For RNA-seq, library preparation and HiSeq2000 lane analysis was performed as previously described 29 . Subsequently, 75-bp pairedend read sequences were mapped to human genome (hg19) with Tophat/ bowtie (version 2.1.1). Read count for each gene transcript was obtained with Genomic Features (version 1.15.9). Genes with mean read count in both liver and skin samples less than 10 were filtered out. DESeq (version 1.12.0) was used to analyze for differential expression. Fisher's exact test was used to assess statistical significance, with adjustment using the Benjamini & Hochberg method for multiple comparisons.
For quantitative PCR, 2 µg of total RNAs were reverse-transcribed into cDNA by using RT first stand kit (SA Biosciences) and RNA levels amplified by PCR containing SYBR Green I dye (Invitrogen), normalized to β-actin as the comparative CT (cycling threshold) = CT (target)-CT (control), were analyzed by the iCycler (Bio-Rad). Primer pairs used are (1) DKK4: F5′-CG TTCTGTGCTACATGTCGTGG and R5′-GTGTGCCATCTTGCTCATC AAGC; (2) HES1: F5′-GGAAATGACAGTGAAGCACCTCC and R5′-GA AGCGGGTCACCTCGTTCATG; (3) HES7: F5′-CATCAACCGCAGCCTG GAAGAG and R5′-CACGGCGAACTCCAATATCTCC; (4) HEY1: F5′-TGTC TGAGCTGAGAAGGCTGGTand R5′-TTCAGGTGATCCACGGTCATCTG; (5) HEY2: F5′-TGAGAAGACTTGTGCCAACTGCT and R5′-CCCTGT TGCCTGAAGCATCTTC; (6) human β-actin: F5′-CGCGAGAAGATGAC CCAGAT and R5′-ACAGCCTGGATAGCAACGTACAT; (7) mouse β-actin: F5′-GATCTGGCACCACACCTTCTand R5′-GGGGTGTTGAAGGTCTCAAA.
FACS analysis. FACS with anti-epithelial specific antigen (ESA, BD Pharmingen Cat #347197) antibody was used to purify PDX cells 3,7. Cells were first incubated with anti-human ESA antibody conjugated with Alexa Fluor 488 for 30 min on ice and then were washed in 1% BSA/PBS buffer. FITC filter was then used to separate cells into ESA-positive and ESAnegative subgroups by signal intensity gating. The ESA + cells were transferred into culture flasks for further growth and passages.
To detect RFP positive cells in mouse liver, 0.5 × 10 6 CCR9 + RFP + Luciferase + CRC cells were injected into 6-week NOG mouse (n = 6) by tail vein. After 48 h, mice were euthanized and liver pieces in the same weight were treated with collagenase/dispase (1 mg/ml, Roche Applied Science) for 0.5-1 h to create single-cell suspension and followed with BD Pharm Lyse (BD Scientific) treatment according to company instruction, to destroy red blood cells. RFP cells were measured as PE positive and FITC negative in FACS channels.
Transwell migration assay. Transwell Boyden chambers (BD Pharmingen
Mountain View, CA) of 8-µm pore size were used to evaluate migration in vitro of parental or CCR9 expression CRC cells and PDX cells. Briefly, cells were seeded at a density of 5 × 10 5 per well into the upper chamber. Culture medium as described above with 100 ng/ml recombinant mouse CCL25 protein (R&D Systems Inc; Minneapolis, MA) was loaded into the lower chamber. Chambers of cells were incubated in 37 °C and 5% CO 2 conditions for 12 h. At the time of harvest, cells remaining inside the upper chambers were removed while cells attached to the lower surface of the membrane were fixed and stained with Crystal violet (Sigma, St Louis, MO) followed by imaging and cell number counting analyses.
Statistical analyses.
Sample sizes for all figures and tables were estimated based on our previous studies [1] [2] [3] [4] . For mouse experiments, no animals were excluded from the analyses. For each set of experiments, samples and animals were prepared for all experimental arms at the same time. For animal studies, the randomization schema had mice alternating in assignments to experimental groups. Both male and female mice were used. Values are expressed as mean ± s.e.m. or summarized using box-plots. All statistical tests are twosided. No adjustments were made for multiple comparisons, except for Figure 4 and Supplementary Figure 12 as described below. Both PIs (S.M.L. and X.S.) and the study statistician (X.K.Z.) were blinded to experimental allocations among different experimental arms for all experiments. For all parametric statistical analyses, data were determined to be normally distributed by the D' Agostino-Pearson test. For all parametric and nonparametric tests, variances were similar between groups being compared. For comparison between experimental and control groups at a specific time point or tissue site in Figures 1,3 and Supplementary Figures 1,7,8 and 10, two-sided Student's t-test or two-sided Mann-Whitney (MW) tests were used. In Figure 4 and Supplementary Figure 12 , linear regression analysis and ANOVA was used to estimate the tumor growth rate in different experimental groups and study sites while adjusting for different cell lines. Differences in tumor growth rates between oxaliplatin-treated and the control mice at each body site and the difference in the effect of oxaliplatin treatment on tumor growth rates between different sites were further evaluated using simultaneous tests for general linear hypotheses (Fig. 4 and Supplementary Fig. 12) . P values were adjusted for multiple comparisons by controlling the experiment-wise error rate using the conservative Bonferroni-Holm method (Fig. 4 and Supplementary  Fig. 12 ). Statistical calculations were performed with the Statistical Package for the Social Sciences version 11.5software (SPSS Inc, Chicago, IL), npg
